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A scanning tunneling microscopy study of clean and Cs-covered InSb(110)
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Scanning tunneling microscopy has been employed to study clean and Cs-covered InSb(110)
surfaces. Atomic-resolution images of both the filled and empty electronic state densities have
been obtained. The surface relaxation determined from these images is in good agreement with
that predicted by structure calculations. A variety of surface defects have been observed, with the
most common appearing to be simple Sb vacancies. Adjacent In and Sb vacancies (Schottky
defects) have also been observed. The perturbation of the surface surrounding these defects is
asymmetrical along [001], as might be expected due to the asymmetry in the surface.
Surprisingly, the perturbation is also asymmetrical along [ 110], where symmetry is expected. Cs
adsorbed on room-temperature InSb(110) forms one-dimensional zig-zag chains along [110],

similar to those previously observed on GaAs(110).

I. INTRODUCTION

Indium antimonide (InSb) is an important narrow band-
gap semiconductor with applications in near infrared detec-
tion' and high-speed optoelectronics.? However, relatively
few studies of its surfaces have been reported.” ' The struc-
ture of the (110) surface has been investigated with low-
energy electron diffraction,™® and the plasmons and phon-
ons associated with this surface have been studied with
electron energy loss spectroscopy.®’ In addition, interface
formation between InSb(110) and Ge (Ref. 9) and Se (Ref.
10) has been monitored with synchrotron-radiation photoe-
mission spectroscopy. To our knowledge, the only other
InSb surface examined to date is the reconstructed
(111)2x 2 surface, which has been probed with x-ray dif-
fraction.*

In this paper we report a scanning tunneling microscopy
(STM) study of clean and Cs-covered InSb(110)."" The
InSb(110) surface is interesting to study with STM for a
number of reasons. As a polar III-V semiconductor com-
pound, the two dangling bonds broken at the surface are
rehybridized into a single lone pair localized on the group-V
element, leaving an empty valence orbital on the group-III
element.'> Hence, the occupied surface state density, ob-
served when tunneling from the sample to the STM tip, is
concentrated on the group-V anion, and the unoccupied
state density, observed when tunneling from tip to sample, is
on the group-III cation.'*'* This enables atom-selective
imaging of the different chemical elements on the surface, as
previously reported only on GaAs(110),'® and facilitates
identification of surface defects. Furthermore, atom-selec-
tive imaging can be employed to determine the relative posi-
tions of the filled and empty dangling bonds within the unit
cell, indicative of the degree of surface relaxation at the
(110) zinc-blende IT1-V surface.’® The relaxation may then
be compared with the calculated structure. InSb(110) also
offers an interesting template for the adsorption of Cs, which
has previously been observed to form long zig-zag chains
along the [110] direction on GaAs(110).'7"* With the lar-
gest lattice constant of all the zinc-blende III-V semiconduc-
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tors (15% larger than GaAs), the effects of lattice constant
on Cs chain formation can be most effectively studied with
InSb(110).

Il. EXPERIMENT

InSb (110)-oriented samples (n type, Te doped
1.6-3.0X 10" cm ~*) were cleaved in situ under ultrahigh
vacuum ( < 1X 10~ '° Torr) to expose a clean (110) crystal
face. Cs was deposited from a getter-type source, and the

_samples were then mounted on the STM. The STM is an

IBM Zurich-type microscope'®?; the sample is mounted on
a “louse” for coarse positioning, the tip is mounted on a
piezo tripod, and the whole microscope stage is mounted on
a glass frame with a double-spring suspension system for
vibration isolation. The probe tips were prepared by electro-
chemically etching (111)-oriented 0.005-in.-diam tungsten
wire, and cleaned in situ by electron-bombardment heating.

Topographic images were obtained with a constant tunnel
current of 0.1 nA, with a typical height resolution of 0.02 A
and lateral resolution <4 A. The scan rate was typically 100
A's '.Images recorded simultaneously at different bias vol-
tages were obtained by completing one scan line at the first
bias, returning the probe tip to the origin, and then switching
the bias and recording another scan line at the second bias
voltage. In this way the two images will be offset by at most
the thermal drift that occurs during the scan of a single line.
The images were recorded with the [110] direction at ap-
proximately 45° with respect to the + x scan direction.
Those displayed here have not been corrected for the effects
of thermal drift (typically 1-2 A min ').

1. RESULTS AND DISCUSSION

Prior to describing the STM results it is useful to briefly
review the structure of the zinc-blende (110) surface. As
illustrated in Fig. 1(a), when viewed from above, the ideal
bulk-terminated InSb(110) surface consists of alternating
rows of In and Sb atoms. Within the outermost layer the In
(or Sb) rows are 6.5 A apart, with adjacent atoms within
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FiG. 1. (a) A top view model of the ideally terminated zinc-blende (110)
surface. The symbols represent atom core positions and the lines interato-
mic bonds. Note that for a given atom the adjacent atoms in either direction
along the row are equivalent. In contrast, bonding to the neighboring rows

in the [001] direction differs from that along [001]. (b) A side view of the -

first three atomic layers of the ( 110) surface. The calculated surface relaxa-
tion has been included (see Ref. 21), defined by the first layer buckling
angle w.

each row separated by 4.6 A. Note that (110) forms a mirror
plane, so that for a given surface atom the neighbors in the
[170] direction are symmetrical with those opposite along
[T10]. In contrast, (001) is not a mirror plane; each row of
surface atoms is bonded differently to the neighboring rows
in the [001]-versus-[001] directions. A side view of the top
three layers at the surface is shown in Fig. 1(b), where we
have included the calculated surface relaxation. As calculat-
ed by Mailhiot, Duke, and Chadi,?' the Sb buckles outward
slightly, resulting in a buckling angle w of 30°.

Simultaneously recorded images of the empty and filled
state densities on a freshly cleaved surface are displayed in
Figs. 2(a) and 2(b), respectively. As made clear by the cross
hairs placed in the same location in both images, the empty
In state density is shifted with respect to the filled Sb state
density. Although there is some variation from image pair to
image pair due to tip effects and thermal drift, on average the
In and Sb are displaced by half a unit cell along [110] as
expected. Along the [001] direction we find the rows to be
separated by 2.4 + 0.4 A.?2 The dependence of the measured
filled-versus-empty state density shift on surface buckling
angle has been calculated for GaAs(110)."* Rather than
repeat the calculation for InSb, since the structures of InSb
and GaAs are so similar we assume that the relative lateral
positions of the filled and empty dangling bonds scale with
the lattice constant.?* With this assumption, the shift of 2.4
A on InSb(110) occurs for a surface buckling angle of 29°,%
in good agreement with the calculated buckling.*!

While scanning the surface with STM, various defects are
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FIG. 2. A pair of gray-scale topographic images, 17X 17 A, of a cleaved
InSb(110) surface. The images were acquired simultaneously with sample
bias voltages of (a) + 1.2and (b) — 1.0 V. The unoccupied state density
concentrated on the In atoms is observed in (a), and the occupied state
density concentrated on the Sb atoms is observed in (b). The surface corru-
gation is =0.2 A in the [110] direction (along the rows) and 0.5 A along
[001] (across the rows) at both biases. The cross marks, displayed in the
same location in both images, reveal the relative positions of the In and Sb
dangling bonds; on average the Sb is shifted with respect to the In half a unit
cell in the [ 110] direction and 2.4 4- 0.4 A along [001}. Note that the shift
is somewhat smalier than average in this image due to thermal drift and tip
effects.
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occasionally observed. We estimate their concentration to be
between 10" and 10" cm ~?, varying from sample to sample
and even from region to region on any given sample. The
most common type of defect observed appears to be a simple
anion (Sb) vacancy, as shown in Fig, 3. Again images of the
In and Sb state densities recorded simultaneously are dis-
played. As seen in the image of the Sb state density [Fig.
3(b) ], there appears to be a single missing Sb. The location
of this vacancy in the corresponding empty state (In) image
[Fig. 3(a) ] isindicated by the “X.” Substantial vertical and
lateral perturbations are observed in the positions of both the
empty (In) and filled (Sb) dangling bonds that are within
approximately two lattice constants of the defect. If this is
truly an anion vacancy the defect should have a local positive
charge, and therefore the changes in the apparent “height”
of some of the dangling bonds may be due in part to associat-
ed charge redistribution (as opposed to outward relaxation
of the surface atoms). The lateral displacements, however,
should correlate more closely with shifts in the atomic posi-
tions at the surface. Note that the neighboring surface atoms
on the [001] (right) side of the vacancy [Fig. 3(a)] are
more strongly perturbed than those on the [001] side. This is
always observed to be the case, and must be related to the
underlying asymmetry in the surface; in the [001] direction
the first In row has broken bonds, whereas in [001] the In
row may only be affected through the back bonds (see Fig.
1). What is peculiar is that the second In row in the [001]
direction is also perturbed, though it is also connected to the
defect only via back bonds.

Surprisingly, along the rows, where symmetry is expected,
surface atoms adjacent to the vacancy are buckled asymmet-
rically. The relaxation and/or charge redistribution induced
in the In atoms adjacent to the missing Sb appears to be
polarized across the defect, with the In atom to the upper
right of the vacancy ([110] direction) “lower” and the op-
posing In “raised.” The opposite vertical polarization is ob-
served in the Sb atoms adjacent to the vacancy in the row,
though it is difficult to see in the gray-scale image. Since
there is nothing to define the direction of this asymmetrical
buckling along the row, one might expect its occurrence in
either direction with respect to a vacancy. This is indeed the
case; some anion vacancies are observed with the opposite
polarization, i.e., with the In adjacent in the [110] direction
raised and the opposing In lower.

Dual vacancies, where adjacent In and Sb surface atoms
appear to be missing, are also observed, though with less
frequency than single Sb vacancies. Images of one such
Schottky defect®® are displayed in Figs. 4(a) and 4(b)
(empty In and filled Sb state density, respectively). Note the
“X” (“O”) in Fig. 4(a) [4(b)] indicating the position of
the Sb (In) vacancyin Fig. 4(b) [4(a)]. Asaneutral defect,
considerably less charge redistribution is expected around a
Schottky defect compared with a charged anion vacancy; as
indicated by the variations in “height” of the dangling bonds
surrounding the vacancies, less perturbation is observed. In
contrast to the relatively long-range perturbations induced
by an isolated anion vacancy, only the surface atoms imme-
diately adjacent to the Schottky defect are affected, with
some appearing slightly raised. Again, this may be due to
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(a)

(b}

FIG. 3. A pair of 45x45-A gray-scale topographic images of a defect on
InSb(110). The images were recorded simultaneously with sample bias
voltagesof (a) + 1.2 (Instatedensity) and (b) — 1.0V (Sbstate density).
The defect appears to be a simple anion (Sb) vacancy. The % in (a)
indicates the position of the Sb atom missing in (b). Note the perturbations
surrounding the defect are asymmetrical in both crystallographic direc-
tions. See text for discussion.
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(a)

(b)

FiG. 4. A pair of 45>45-A gray-scale topographic images of InSb(110)
recorded simultaneously with sample bias voltages of (a) + 1.3 (In state
density) and (b) — 1.1 V (Sb state density) showing a different type of
defect than that observed in Fig. 3. This defect appears to consist of adjacent
Inand Sb vacancies. i.e.. a Schottky defect. The * ™ (*O™) in (a) (b))
indicates the position of the Sb (In) missing in (b) [(a)]. Note that the
asymmetrical perturbations surrounding this neutral defect are less severe
than those surrounding the charged anion vacaney (Fig. 3).
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charge redistribution and/or outward relaxation of the
atoms surrounding the vacancies. We also find the surface
perturbations induced by Schottky defects to be asymmetri-
cal along both crystallographic directions, though less dra-
matically so than around anion vacancies. For a Schottky
defect the asymmetries are at least in part associated with the
relative orientation of the vacancy pair; the In (Sb) adjacent
in the row to the missing Sb (In) always appears “raised.”

As discussed above, an important reason for studying
InSb(110) was to determine the Cs structures observed fol-
lowing room-temperature adsorption. As is evident from
Fig. 5, Cs forms long zig-zag chains along [110] on
InSb(110) like those observed on GaAs(110).!”!® This
structure, with a large Cs-Cs nearest-neighbor distance of
8.0 A (compared with 6.9 A on GaAs), is surprising since
the Cs-Cs distance in a straight chain configuration, 4.6 /c-i,
would be closer to the bulk Cs-Cs distance of 5.2 A. Evident-
ly the driving force for the formation of the zig-zag structure
is significant. The formation of these structures also indi-
cates that the adsorbed Cs is highly mobile on these room-
temperature surfaces, and that the Cs-Cs interaction is an-
isotropically dominated by attractive interactions along the
[110] chain direction.

Further study reveals that the Cs adsorbed on InSb(110)
differs in a number of ways from Cs adsorbed on
GaAs(110). First, for a given Cs coverage the chains ob-
served on InSb(110) tend to be shorter than those on
GaAs(110), and the extremely long chains (> 2000 A)
formed on GaAs (Ref. 18) are not found on InSb. In addi-
tion, the Cs chains on InSb(110) are almost always termin-
ated on one end by the large structures observed as high

FiG. 5. An approximately 90 90-A topographic image of the occupied
state density (sample bias voltage of — 2.3 V) acquired following Cs ad-
sorption on room-temperature InSb(110). The image is shown in perspec-
tive with specular itlumination. The one-dimensional zig-zag chains formed
by Cs. similar to those previously observed on GaAs(110), are clearly re-
solved, as are the substrate Sb atom dangling bonds. The Cs nearest-neigh-
bor distance in this structure is 8.0 A. The large structures which terminate
many of the chains are believed to be three-dimensional Cs clusters.
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points in Fig, 5. We believe these are Cs clusters adsorbed on
top of the ends of Cs zig-zag chains. Close examination of the
structure at the top of Fig. 5, for instance, reveals a dimerlike
twin-peaked structure with maxima located where the hol-
lows between the underlying Cs atoms are expected to be.
We do not believe these are contaminant adsorbates, since
they are not observed when Cs is adsorbed on GaAs(110)
under similar vacuum conditions, and their density does not
increase with time. One possibiliiy is that the larger lattice
constant of InSb reduces the stability of the chains, resulting
in shorter chains which tend to “ball up” on the ends in order
to compensate for the intrinsic instability associated with
chain termination. As will be described in detail elsewhere, '®
tunneling current-versus-bias voltage measurements reveal
that the chains are nonmetallic (no density of states at the
Fermi level) on both InSb(110) and GaAs(110).

IV. CONCLUSIONS

We have employed scanning tunneling microscopy to ob-
tain atomic resolution images of both the filled and empty
electronic state densities on InSb(110). From the relative
positions of the empty and filled dangling bonds observed in
simultaneously acquired images, the surface buckling has
been determined, and is found to be in good agreement with
that predicted by calculations. Both simple anion (Sb) va-
cancies and adjacent Sb and In vacancies (Schottky defects)
have been observed. The charged anion vacancies result in
anisotropic surface relaxation and/or charge redistribution
of the surrounding atoms, with the perturbation in the {001]
direction longer ranged than in [001]. In addition, an asym-
metrical buckling of the atoms adjacent (in the row along
[110]) to each Sb vacancy site has been observed; this is
surprising since these atoms on either side of the vacancy are
in principle equivalent. Similar perturbations are observed
surrounding the Schottky defects, though fewer neighboring
atoms are affected and the perturbations are smaller, as
might be expected for a neutral-versus-charged defect.

Cs adsorbed on room-temperature In_S_b( 110) forms long
one-dimensional zig-zag chains along [ 110}, similar to those
previously observed on GaAs(110)."”'* The formation of
these structures demonstrates that Cs is highly mobile, with
Cs-Cs interactions dominated by attractive forces along
[110]. The chains are shorter on InSb than GaAs, probably
due to the larger Cs-Cs nearest-neighbor distance.
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